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Ozone is a Greenhouse Gas with 
the 3rd Largest Radiative Forcing

Intergovernmental Panel on Climate Change Third Assessment Report 
(IPCC-TAR; 2001), Climate Change 2001:The Scientific Basis





“An Ozone Action Day

to form high levels of ozone near the ground 
that may cause harmful health effects.”

is declared when weather
conditions are likely to combine with 

pollution emissions





Ozone doses between 1991-2001 
in major cities and four major 

national parks

from National Park Conservation Association: www.npca.org



Urban Myth-Busted: Not just a 
problem of big cities!

http://www.airnow.gov



Look Rock, Great Smoky Mountain 
National Park, June 24, 2005 

2:00 pm

Sunlight + NOx + VOCs → O3



NOx

Sources of O3 Precursor Emissions (%)
VOCs

Fossil Fuels
Biomass Burning
Soils
Lightning
Aircraft
Stratosphere

Fossil Fuel
Biomass Burning
Vegetation

IPCC-TAR (2001), Climate Change 2001:The Scientific Basis



2000

Anthropogenic Emissions of NOx (%) by 
Continent/Region

2100

North America
Europe
East Asia
Africa
Other
India
South America
Southeast Asia
Australia

IPCC-TAR (2001), Climate Change 2001:The Scientific Basis



Historical Ozone
Concentrations

• 1880s:
15-25 ppb

• 1993:
40-50 ppb

Akimoto (2003) Science
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Tropospheric Ozone As Projected 
by IPCC-TAR

IPCC-TAR (2001), Climate Change 2001:The Scientific Basis
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Global Forest Distribution
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Global Forest Distribution

www.fao.org

30% Global Land Area



www.fao.org

30% Global Land Area

70% Terrestrial Net Primary 
Production 



What is the impact of 
tropospheric [O3] on tree 

productivity? 



Ozone must gain entry inside the 
leaf before damage can occur

• Readily reacts with 
aqueous surfaces to 
form Reactive Oxygen 
Species (ROS)

• Up-regulation of anti-
oxidant defenses

• Reduction in Rubisco
activity/content

• Accelerated leaf 
senescence

Adapted from Long, S.P. and S.L. Naidu (2002),
In: Air Pollution and Plant Life



What is the impact of 
tropospheric [O3] on tree 

productivity?

Has the impact of 
tropospheric [O3] on tree 

productivity been recorded 
in the literature? 



Has the impact been observed? 
Literature Survey

• >1000 primary research articles from 
University of Illinois at Urbana-
Champaign library

• Impact on biomass, physiology and 
nutrient characteristics

• NO Consensus; High variability
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Angiosperm Trees: 
Total Biomass

Wittig et al. In prep.
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Sequoiadendron giganteum
Pinus virginiana

Pinus taeda
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Pinus strobus
Pinus rigida

Pinus ponderosa
Pinus elliottii

Pinus densiflora
Pinus armandi
Picea rubens

Picea abies
Abies veitchii

Gymnosperm Trees: 
Total Biomass

Wittig et al. In prep.



Hundreds of observations 
extracted from the literature

• Total dry weight
• Root dry weight   

(Coarse + Fine)
• Shoot dry weight 

(Foliage + Branch + 
Trunk)

• Aboveground-woody    
dry weight                  
(Branch + Trunk)

• Foliage dry weight

• Root to Shoot Ratio

• Height

• Diameter

• Leaf Area

• Stomatal Conductance



Why so much variability?

• Functional group: 
angiosperm or 
gymnosperm

• Ozone concentration O3



Why so much variability?

• Duration of Exposure: hours, days, 
months, years

• Enclosure: open-top chamber, indoor 
growth chamber, FACE

• Pot Size: small pots, ground

• Tree Age; Leaf Age



To cause damage, O3 must gain 
entry…

• Any environmental 
condition that 
reduces stomatal 
conductance should 
reduce O3 damage

• Drought

Adapted from Long, S.P. and S.L. Naidu (2002),
In: Air Pollution and Plant Life



?What is the impact of 
tropospheric [O3] on tree 

productivity? 

Has the impact of 
tropospheric [O3] on tree 

productivity been recorded 
in the literature? 



With hundreds of 
observations readily 

available in the literature, 
can a consensus be reached? 



Meta-analysis

• Statistical tool used to determine a 
mean relative response from different 
experiments investigating the effect of 
the same treatment

• Developed in the medical and social 
sciences

• Increasingly used in environmental and 
ecological sciences (Morgan et al., 2003 Plant, Cell 
and Environment; Ainsworth & Long, 2005 New Phytologist)



Filter studies for 
adequate detail of 
•Replication
•Design
•Ozone concentration
•Production data

REC # Species Common name Code ShDW # of 
Obs ADW # of 

Obs FDW # of 
Obs SDW # of 

Obs BDW # of 
Obs

22 Pinus sylvestris Scots pine L. * 1
41 Pinus taeda loblolly pine L. * 4
43 Pinus taeda loblolly pine L. * 2 * 2 * 2 * 2 * 2
84 Pinus ponderosa ponderosa pine Laws. * 4 * 4 * 12
104 Fagus sylvatica european beech L. * 2
117 Fraxinus excelsior European ash Moray * 4
117 Pinus sylvestris Scots pine Elgin * 4
117 Quercus petraea sessile oak Herefordshire * 4
133 Pinus elliotti slash pine var. elliottii  Engelm.
141 Pinus coulteri Couter pine na * 1
141 Pinus jeffreyi Jeffrey pine na * 1
141 Pinus ponderosa ponderosa pine na * 1
141 Pinus sylvestris Scots pine na * 1
158 Liriodendron tulipifera yellow poplar L. * 2 * 2 * 2
197 Prunus serotina black cherry Ehrh. * 1 * 1 * 1
197 Acer rubrum red maple L. * 1 * 1 * 1
197 Quercus rubra red oak L. * 1 * 1 * 1
197 Liriodendron tulipifera yellow poplar L. * 1 * 1 * 1
205 Pinus elliotti slash pine 243-56
205 Pinus elliotti slash pine 106-56
205 Pinus elliotti slash pine  6-56
205 Pinus elliotti slash pine M-114
217 Picea abies Norway spruce L. * 4 * 4 * 4
229 Pinus sylvestris Scots pine L. * 12 * 12 * 12
237 Quercus rubra northern red oak L. * 2 * 2 * 2 * 2 * 2
242 Percea americana Pancho avocado Mill. * 3
246 Pinus halepensis Aleppo pine Mill.
373 Populus x euramericana Canadian poplar Dode
389 Quercus rubra northern red oak na
435 Betula alleghaniensis yellow birch na
435 Betula papyrifera paper birch na
435 Larix leptolepis Japanese larch na
435 Picea glauca white spruce na
435 Populus deltoides eastern cottonwood na
435 Populus grandidentata bigtooth aspen na
458 Picea abies Norway spruce L.
459 Picea abies Norway spruce L. (Karst) * 2 * 2 * 2
461 Picea abies Norway spruce L. (Karst) * 2
479 Pinus taeda loblolly pine na * 6 * 12 * 6
481 Quercus rubra northern red oak L.
504 Acer saccharum sugar maple L. * 3
504 Fraxinus americana white ash L. * 5
504 Fraxnius pennsylvanica green ash Marsh. * 5
504 Liquidambar styraciflua sweetgum L. * 5
504 Liriodendron tulipifera yellow poplar L. * 3
504 Pinus rigida pitch pine Mill. * 5
504 Pinus taeda loblolly pine L. * 5
504 Pinus taeda loblolly pine 6-13 x 2-8 * 5
504 Pinus virgingiana Virginia pine Mill. * 5
504 Platanus occidentalis American sycamore L. * 3
504 Quercus phellos willow oak L. * 5
535 Fagus sylvatica european beech L.
535 Fraxinus excelsior European ash L.
535 Picea abies Norway spruce L. (Karst)
535 Pinus sylvestris Scots pine L.
545 Picea rubens red spruce Sarg. * 12 * 15 * 12 * 12
568 Picea abies Norway spruce L. Healthy
568 Picea abies Norway spruce L. Unhealthy
572 Picea abies Norway spruce L. (Karst)
633 Abies veitchii veitch fir Lind. * 2
633 Abies veitchii veitch fir Blume
633 Fagus crenata Japanese beech Blume * 2
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633 Fagus crenata Japanese beech Blume * 2

Database

Web of Science
Silver Platter

Search:
Ozone, trees
production,

Summarize statistical meta-
analysis (MetaWinTM) Collect articles from 

Univ. Illinois Library

Extract data

+O3Control

10

5

0

96



Statistical Tool: Meta-analysis
• Observation of mean effect:

XT= Treatment [O3]
XC= Control [O3]

• Estimate mean treatment Effect Size (E)
E = ln r = ln (XT/XC)

• % Change From Control =[(r – 1) *100]
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Percent Change From Control
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Sample figure [(r - 1)*100]
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“Zooming In” to reach a 
consensus

• Grand Mean: All Observations, including all 
types of experiments

• Ozone Concentration

• Functional Groups

• Additional Stress Treatments

• Stomatal Conductance



“Zooming In” to reach a 
consensus
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• Stomatal Conductance



Grand Means

Percent Change from Elevated [O3]
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Diameter
Height

Leaf Area
Foliage

Above-Woody
Root/Shoot

Shoot
Root
Total

(88)

(247)

(136)

(329)

(294)

(301)

(266)

(351)

(363)

-5%

-5%

-14%

-11%

-10%
-5%

-11%

-15%

-13%



“Zooming In” to reach a 
consensus

• Grand Mean: All Observations, including all 
types of experiments

• Ozone Concentration

• Functional Groups

• Additional Stress Treatments

• Stomatal Conductance



Total Dry Weight

Percent Change From Control
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Ozone Concentration



Shoot Dry Weight

Percent Change From Control
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(81)

(56)
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(363)

Ozone Concentration



Root Dry Weight

Percent Change From Control
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Ozone Concentration
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Ozone Concentration
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“Zooming In” to reach a 
consensus

• Grand Mean: All Observations, including all 
types of experiments

• Ozone Concentration

• Functional Groups

• Additional Stress Treatments

• Stomatal Conductance



Percent Change from Control
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(145)

(146)
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(160)
(140)

(50)
(85)

(95)
(151)

Angiosperm Gymnosperm

Functional Groups



Total Dry Weight: Categorized 
by Functional Groups and O3

Total Dry Weight

Percent Change From Zero
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Shoot Dry Weight: Categorized 
by Functional Groups and O3

Shoot Dry Weight

Percent Change
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Shoot Dry Weight: Categorized 
by Functional Groups and O3

Foliage Dry Weight

Percent Change
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“Zooming In” to reach a 
consensus

• Grand Mean: All Observations, including all 
types of experiments

• Ozone Concentration

• Functional Groups

• Additional Stress Treatments

• Stomatal Conductance



Drought

Percent Change from Control
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No Additional Stress
Acid Rain
Drought
Low Fertilizer
Elevated CO2

Additional Stress Treatments

Percent Change from Control
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“Zooming In” to reach a 
consensus

• Grand Mean: All Observations, including all 
types of experiments

• Ozone Concentration

• Functional Groups

• Additional Stress Treatments

• Stomatal Conductance



The Next Phase Part 1: Impact of 
ozone on stomatal conductance

Stomatal Conductance

Percent Change

-80 -60 -40 -20 0 20 40 60
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Grand Mean (128)
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-29%

-44%

-14%



Impact of Cumulative Dose on 
Stomatal Conductance

Stomatal Conductance

Percent Change
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Change in stomatal conductance 
with leaf age… 

Stomatal Conductance

Percent Change
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Conclusions: What is the 
consensus?

1. Ozone reduces tree productivity.

2. Productivity is more sensitive at higher 
concentrations.

3. Angiosperms are more sensitive than gymnosperms.

4. Limited observations in the literature make 
reaching a consensus on how interactive stresses 
influence the response of trees to Ozone difficult.

5. Role of stomatal conductance variable: ozone dose, 
functional group and leaf age.



Percent Change from Control
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Consensus 1: Ozone reduces tree 
productivity.



Conclusions: What is the 
consensus?

1. Ozone reduces tree productivity.

2. Productivity is more sensitive at higher 
concentrations.

3. Angiosperms are more sensitive than gymnosperms.

4. Limited observations in the literature make 
reaching a consensus on how interactive stresses 
influence the response of trees to Ozone difficult.

5. Role of stomatal conductance variable: ozone dose, 
functional group and leaf age.



Total Dry Weight

Percent Change From Control

-40 -30 -20 -10 0 10

30-59 ppb

60-79 ppb

80-119 ppb

>120 ppb

Grand Mean

(126)

(70)

(93)

(59)

(351)

Shoot Dry Weight

Percent Change From Control

-40 -30 -20 -10 0 10

30-59 ppb

60-79 ppb

80-119 ppb

>120 ppb

Grand Mean

(124)

(81)

(56)

(99)

(363)

Root Dry Weight

Percent Change From Control

-40 -30 -20 -10 0 10

30-59 ppb

60-79 ppb

80-119 ppb

>120 ppb

Grand Mean

(88)

(54)

(58)

(91)

(294)

Height

Percent Change From Control

-40 -30 -20 -10 0 10

30-59 ppb

60-79 ppb

80-119 ppb

> 120 ppb

Grand Mean

(86)

(56)

(45)

(57)

(247)

Consensus 2: Higher Ozone, greater loss.



Conclusions: What is the 
consensus?

1. Ozone reduces tree productivity.

2. Productivity is more sensitive at higher 
concentrations.

3. Angiosperms are more sensitive than gymnosperms.

4. Limited observations in the literature make 
reaching a consensus on how interactive stresses 
influence the response of trees to Ozone difficult.

5. Role of stomatal conductance variable: ozone dose, 
functional group and leaf age.



Percent Change from Control

-30 -25 -20 -15 -10 -5 0 5 10

       
H

         
      

LA
         

     
FDW

         
    
R/S

         
   

ShDW 
         

  
RDW

         
 

TDW 

(183)

(148)

(155)

(179)

(195)

(145)

(146)
(182)

(160)
(140)

(50)
(85)

(95)
(151)

Angiosperm Gymnosperm

Functional Groups



Total Dry Weight: Categorized 
by Functional Groups and O3

Total Dry Weight

Percent Change From Zero

-40 -30 -20 -10 0 10 20

O
zo

ne
 C

on
ce

nt
ra

ti
on

 (p
pb

)

(57)

(17)

(47)

(31)

(45)

(52)

(68)

(27)

Gymnosperm
Angiosperm

-19%

-12%

-7%

-4%

-29%

-24%

-16%

-8%

>120

80-119

60-79

30-59

>120

80-119

60-79

30-59



Conclusions: What is the 
consensus?

1. Ozone reduces tree productivity.

2. Productivity is more sensitive at higher 
concentrations.

3. Angiosperms are more sensitive than gymnosperms.

4. Limited observations in the literature make 
reaching a consensus on how interactive stresses 
influence the response of trees to Ozone difficult.

5. Role of stomatal conductance variable: ozone dose, 
functional group and leaf age.



No Additional Stress
Acid Rain
Drought
Low Fertilizer
Elevated CO2

Additional Stress Treatments

Percent Change from Control

-50 -40 -30 -20 -10 0 10

LA1
LA

BLANK1
H2
H1
H

BLANK2
AWDW3
AWDW2
AWDW1

AwDW
BLANK3

FDW3
FDW2
FDW1
FDW

BLANK4
SHDW4
SHDW3
SHDW2
SHDW1
ShDW

BLANK5
RDW4
RDW3
RDW2
RDW1
RDW

BLANK6
TDW4
TDW3
TDW2
TDW1
TDW

(191)
(23)

(10)
(23)

(10)

(248)
(23)

(10)
(29)

(7)

(242)
(33)

(15)

(10)
(23)

(168)
(23)

(8)
(24)

(168)
(23)

(8)
(24)

(196)
(28)

(8)

(102)
(8)

RDW

TDW

FDW

H

LA

AwDW

ShDW

Consensus 4?



Conclusions: What is the 
consensus?

1. Ozone reduces tree productivity.

2. Productivity is more sensitive at higher 
concentrations.

3. Angiosperms are more sensitive than gymnosperms.

4. Limited observations in the literature make 
reaching a consensus on how interactive stresses 
influence the response of trees to Ozone difficult.

5. Role of stomatal conductance variable: ozone dose, 
functional group and leaf age.



Stomatal Conductance

Percent Change

-80 -60 -40 -20 0 20 40 60

Angiosperm

Gymnosperm

Grand Mean (128)

(59)

(68)

-29%

-44%

-14%

Stomatal Conductance

Percent Change

-100 -80 -60 -40 -20 0 20 40 60 80 100

Cu
m

ul
at

iv
e 

D
os

e 
(p

pm
-h

)

 <59.9

  <89.9

   <299.9

    >299.9

<59.9

<89.9

<299.9

>299.9

(28)
(25)

(40)
(12)

(5)

(8)

Gymnosperm
Angiosperm

-65%
-23%

-16%

-7%

5%

-28%

Stomatal Conductance

Percent Change

-100 -80 -60 -40 -20 0 20 40 60 80 100

Le
af

 A
ge

 (L
A

; y
ea

rs
)

0<LA<1

1<LA<2

2<LA<3 (4)

(14)

(30)

-85%

-31%

-54%



Implications?

Global Forest Distribution

Reduced ability to mitigate increases in CO2, 
leading to further warming.

www.fao.org
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